Objectives. This study aimed to investigate the association of hyperglycemia and advanced glycation end products (AGE) on the phenotypes and biological functions of neutrophils to understand their roles in diabetes-related atherosclerosis.
INTRODUCTION
Hyperglycemia is considered to be a key factor in the development of atherosclerosis and other vascular complications, both considered major causes of morbidity and mortality in diabetic patients. Prolonged exposure to hyperglycemia may promote long-term damage and dysfunction of blood vessels and various cell types, leading to vasculopathy. Hemoglobin A1c (HbA1c), a clinical measure of glycemic control, has been correlated with both macrovascular and microvascular complications in type 2 diabetes. Higher HbA1c is positively correlated with increased rates of vascular complications, especially in the microvasculature. 1 Moreover, prolonged hyperglycemia can also accelerate the formation of advanced glycation end products (AGE), formed by spontaneous non-enzymatic reactions between reducing sugars and proteins, DNA or lipids. The level of AGE in the form of methylglyoxal has been demonstrated to increase up to 6-and 3-fold in the serum of type 1 and type 2 diabetic patients, respectively. 2 AGE have been recently linked to the incident rate of vascular complications in diabetes. 3 Accumulated AGE have the potential to activate multiple vasculopathy-related signaling pathways. 4, 5 AGE act via their receptors, RAGE, which have been found to be expressed on neutrophil plasma membranes. 6 Engagement of AGE and their receptors activate various signal transduction pathways, resulting to increased reactive oxygen species (ROS) production and accelerated atherogenesis in diabetes. 7 During the inflammatory response, AGEs enhance the expression of adhesion molecules, including vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1) and E-selectin, which contribute to increased leukocyte adhesion to endothelial cells. 8 AGE-RAGE interactions have been shown to increase extravasation of macromolecules in diabetic rats in vivo, suggesting that AGE may modulate vascular permeability. 9 Moreover, AGE have been detected in both extra-and intracellular localizations of atherosclerotic lesions. 10 Neutrophils have been shown to have functional defects in diabetic patients. 11 Although the role of neutrophils in the pathogenesis of diabetes and its complications is not yet fully understood, they are now thought to be part of the development and progression of diabetes-related atherosclerosis via several mechanisms. The presence of excess ROS is widely accepted as a substantial mediator in the development of diabetes-related vasculopathy. Neutrophils are one of the major sources of ROS. In response to inflammatory stimuli, activated neutrophils adhere and transmigrate through vascular endothelial wall toward inflammatory sites. Binding of neutrophil surface molecules and their ligands on vascular endothelial cells via selectins and integrins promote rolling and adherence of neutrophils to the endothelium. Integrins are heterodimers composed of alpha and beta subunits. The leukocyte integrin macrophage-1 antigen (MAC-1 integrin, CD11b/CD18 or αmβ2 integrin) plays an important role during transmigration by firmly adhering to ICAM-1 expressed on the endothelial cells. Mice deficient in P-selectin and ICAM-1 have been shown to have decreased atherosclerotic lesion formation. 12 Since these molecules are important in neutrophil adhesion to endothelium, the association between these molecules and plaque formation may imply the role of neutrophils in atherogenesis. CD66 was also found to be upregulated in neutrophils during inflammation. Engagement of CD66 with a CD66 monoclonal antibody also increased oxidative burst and β2 integrin-mediated adhesion, indicating that CD66 regulates neutrophil functions. 13 Myeloperoxidase (MPO) is an enzyme most abundantly found in azurophilic granules of neutrophils. Upon neutrophil activation, MPO is released and subsequently binds to the CD11b/CD18 integrins on the neutrophil surface. This was found to induce degranulation, CD11b expression and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity. 14 In addition, MPOpositive neutrophils were observed in the lesional cap and adventitia layer of murine atherosclerotic lesions in the intermediate and advanced stages of atherogenesis. 15 The level of MPO secreted by neutrophils in plasma has also been demonstrated to be correlated with coronary artery disease. 16 The excess production of cytokines and enzymes and prolonged inflammation may contribute to inappropriate vascular activation and tissue damage.
While there is more to be understood about the role of neutrophils in vasculopathy, the aforementioned evidence indicates that neutrophils may play an important role in the development of diabetes-related atherosclerosis.
In the present study, we sought to investigate the effect of hyperglycemia and AGE on the functions of neutrophils, which may be responsible for the inflammatory state in diabetes and related to diabetes-associated atherosclerosis.
METHODOLOGY Subjects
The study included 12 type 2 diabetic subjects, aged 35 to 65 years, who were diagnosed and treated at the Diabetes Clinic of the Siriraj Hospital in Thailand. Five healthy subjectsfor in vitro studies were recruited from the local population and university staff.
The healthy subjects and diabetic patients were evaluated and subsequently excluded if with any of the following: history of clinically significant peripheral arterial disease, cardiovascular disease or cerebrovascular disease; abnormal lipid profile; overweight; obesity; taking immunosuppressive or immune-stimulating drug; pregnant; or lactating. In accordance with the level of HbA1c, diabetic patients were divided into 2 groups: those with 7% or lower HbA1c were designated as good control (n=6), and more than 9.0% HbA1c as poor control (n=6). Subject characteristics are shown in Table 1 . production and accelerated atherogenesis in diabetes. 7 During the inflammatory response, AGEs enhance the expression of adhesion molecules, including vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1) and E-selectin, which contribute to increased leukocyte adhesion to endothelial cells. 8 AGE-RAGE interactions have been shown to increase extravasation of macromolecules in diabetic rats in vivo, suggesting that AGE may modulate vascular permeability. 9 Moreover, AGE have been detected in both extra-and intracellular localizations of atherosclerotic lesions. 10 Neutrophils have been shown to have functional defects in diabetic patients. 11 Although the role of neutrophils in the pathogenesis of diabetes and its complications is not yet fully understood, they are now thought to be part of the development and progression of diabetes-related atherosclerosis via several mechanisms. The presence of excess ROS is widely accepted as a substantial mediator in the development of diabetes-related vasculopathy. Neutrophils are one of the major sources of ROS. In response to inflammatory stimuli, activated neutrophils adhere and transmigrate through vascular endothelial wall toward inflammatory sites. Binding of neutrophil surface molecules and their ligands on vascular endothelial cells via selectins and integrins promote rolling and adherence of neutrophils to the endothelium. Integrins are heterodimers composed of alpha and beta subunits. The leukocyte integrin macrophage-1 antigen (MAC-1 integrin, CD11b/CD18 or αmβ2 integrin) plays an important role during transmigration by firmly adhering to ICAM-1 expressed on the endothelial cells. Mice deficient in P-selectin and ICAM-1 have been shown to have decreased atherosclerotic lesion formation. 12 Since these molecules are important in neutrophil adhesion to endothelium, the association between these molecules and plaque formation may imply the role of neutrophils in atherogenesis. CD66 was also found to be upregulated in neutrophils during inflammation. Engagement of CD66 with a CD66 monoclonal antibody also increased oxidative burst and β2 integrin-mediated adhesion, indicating that CD66 regulates neutrophil functions. 13 Myeloperoxidase (MPO) is an enzyme most abundantly found in azurophilic granules of neutrophils. Upon neutrophil activation, MPO is released and subsequently binds to the CD11b/CD18 integrins on the neutrophil surface. This was found to induce degranulation, CD11b expression and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity. 14 In addition, MPOpositive neutrophils were observed in the lesional cap and adventitia layer of murine atherosclerotic lesions in the intermediate and advanced stages of atherogenesis. 15 The level of MPO secreted by neutrophils in plasma has also been demonstrated to be correlated with coronary artery disease. 16 The excess production of cytokines and enzymes and prolonged inflammation may contribute to inappropriate vascular activation and tissue damage.
The healthy subjects and diabetic patients were evaluated and subsequently excluded if with any of the following: history of clinically significant peripheral arterial disease, cardiovascular disease or cerebrovascular disease; abnormal lipid profile; overweight; obesity; taking immunosuppressive or immune-stimulating drug; pregnant; or lactating. In accordance with the level of HbA1c, diabetic patients were divided into 2 groups: those with 7% or lower HbA1c were designated as good control (n=6), and more than 9.0% HbA1c as poor control (n=6). Subject characteristics are shown in Table 1 . All subjects signed a written informed consent after being informed of the objectives and procedures of the study. The study protocol was approved by the Siriraj Institutional Review Board.
Isolation of neutrophils
Venous blood samples collected from subjects were placed in tubes containing ethylenediaminetetraacetic acid (EDTA) for the isolation and cultivation of neutrophils.Neutrophils were isolated by Ficoll-Hypaque density gradient separation and dextran sedimentation. Briefly, 30 mL of venous blood was mixed with a double volume of Dulbecco's phosphate-buffered saline (Gibco® DPBS, Invitrogen Corporation, California, USA); 30 mL of this diluted samplewas layered over 10 mL of Histopaque®-1077 (Sigma-Aldrich Co. LLC, Missouri, USA) in a 50 mL conical plastic centrifuge tube. After centrifugation at 800 xg for 30 minutes at room temperature, the plasma and mononuclear cell-rich interphase was removed. The pellet containing polymorphonuclear leukocytes (PMN) and red blood cells was mixed with an equal volume of 3% dextran in 0.9% sodium chloride solution and allowed to stand for one hour at room temperature. PMN-rich supernatant was collected then centrifuged for 7 minutes at 1500 rpm at 4°C. The resulting supernatant was discarded. Contaminating erythrocytes were removed by hypotonic lysis using sterile water. The neutrophils were harvested and resuspended in DPBS. Purity of neutrophils was determined by differential staining with Giemsa stain. The cell viability was more than 95% as assessed by trypan blue exclusion. The ability to produce ROS, determined by the level of DHR conversion to rhodamine, was measured by BD FACSort TM flow cytometer (Becton Dickinson Immunocytometry Systems, California, USA). At least 30,000 cells of neutrophils were collected. Neutrophils were gated by their characteristic forward and side scatterprofiles, which represent size and granularity, respectively. Data analysis was performed by using Cell Quest Software (BD Biosciences, California, USA).
Treatment of neutrophils

Flow cytometry for CD11b and CD66b expression
Cell surface molecules were identified using BD FACSCalibur TM flow cytometer (Becton Dickinson Immunocytometry Systems, California, USA). For each analysis, approximately 1x10 6 cells were stained with fluorescein isothiocyanate (FITC)-conjugated mouse antiCD66b or phycoerythrin (PE)-conjugated mouse antiCD11b monoclonal antibodies (BD Biosciences, California, USA). Mouse isotype-matched Ig was used as negative control.
Neutrophils were initially gated by forward scatter (FSC) and sidescatter (SSC) for determining positive expression intensity of FITC-and PE-conjuated antibodies. Data were collected for 50,000 cells/sample and analyzed by Cell Quest Software (BD Biosciences, California, USA).
Detection of myeloperoxidase
Neutrophils from all subjects were incubated with PMA or left untreated for one hour. The level of MPO enzyme in culture supernatants of neutrophils was quantified by commercially available high-sensitivity enzyme-linked immunosorbent assay (ELISA) kit (Assay Designs, Inc., Michigan, USA). The assays were performed as described in the manufacturer's protocol.
Cell migration assay
Cell migration was evaluated by the induction of cell migration towards interleukin-8 through Corning® Transwell® polycarbonate membrane (6.5 mm diameter and 5.0 µm pore polycarbonate membrane insert) (Corning Inc., New York, USA). Approximately 1x10 6 neutrophils were incubated in the upper chambers of the wells filled with 200 µL of serum-free RPMI-1640 medium under different conditions: 5 mM glucose, 25 mM glucose, 100 µg/mL BSA and AGE-BSA in the presence of PMA. The lower chambers of the wells were filled with 100 ng/mL of IL-8 in 600 µL of serum-free RPMI-1640 medium. Cells were allowed to migrate through the membrane to the lower chambers for one hour at 37°C in a 5% CO2 atmosphere. Migrated cells in the 600 µL suspension were harvested from the lower chambers, washed and ONLINE FIRST | March 20, 2015 | http://dx.doi.org/10.15605/jafes.030.01.02
All subjects signed a written informed consent after being informed of the objectives and procedures of the study. The study protocol was approved by the Siriraj Institutional Review Board.
Isolation of neutrophils
Venous blood samples collected from subjects were placed in tubes containing ethylenediaminetetraacetic acid (EDTA) for the isolation and cultivation of neutrophils.Neutrophils were isolated by Ficoll-Hypaque density gradient separation and dextran sedimentation. Briefly, 30 mL of venous blood was mixed with a double volume of Dulbecco's phosphate-buffered saline (Gibco® DPBS, Invitrogen Corporation, California, USA); 30 mL of this diluted samplewas layered over 10 mL of Histopaque®-1077 (Sigma-Aldrich Co. LLC, Missouri, USA) in a 50 mL conical plastic centrifuge tube. After centrifugation at 800 xg for 30 minutes at room temperature, the plasma and mononuclear cell-rich interphase was removed. The pellet containing polymorphonuclear leukocytes (PMN) and red blood cells was mixed with an equal volume of 3% dextran in 0.9% sodium chloride solution and allowed to stand for one hour at room temperature. PMN-rich supernatant was collected then centrifuged for 7 minutes at 1500 rpm at 4°C. The resulting supernatant was discarded. Contaminating erythrocytes were removed by hypotonic lysis using sterile water. The neutrophils were harvested and resuspended in DPBS. Purity of neutrophils was determined by differential staining with Giemsa stain. The cell viability was more than 95% as assessed by trypan blue exclusion.
Treatment of neutrophils
Neutrophils from healthy individuals were cultured in Roswell Park Memorial Institute 1640 Medium (Gibco® RPMI 1640 Medium, Invitrogen Corporation, California, USA) supplemented with 10% fetal bovine serum (Gibco® FBS), 2 mM L-glutamine (Gibco® L-glutamine), 100 µg/mL penicillin and 100 IU/mL streptomycin (Sigma-Aldrich Co. LLC, Missouri, USA). Cells were incubated under different conditions at 37°C in a 5% CO2 atmosphere for 1 hour: 100 µg/mL bovine serum albumin (Calbiochem® BSA, EMD, Darmstadt, Germany), 100 µg/mL advanced glycation end product-BSA (Calbiochem® AGE-BSA, Merck Millipore, New Jersey, USA), 5 mM D-glucose (Sigma-Aldrich Co. LLC) and 25 mM D-glucose. For cell activation, cells were incubated with 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich Co. LLC, Missouri, USA) at 37°C for 15 minutes for dihydrorhodamine (DHR) assay, or 1 hour for other experiments.
Determination of reactive oxygen species
ROS production was determined by DHR assay within one hour after isolation. 17 Approximately 1×10 6 cells/mL of isolated PMN were mixed with DHR (Invitrogen Corporation, California, USA) and stimulated with PMA for 15 minutes. For control cells, Hank's balanced salt solution (Gibco® HBSS,BRL, California, USA)was added instead of PMA and incubated at 37°C in a shaking water bath for 15 minutes.
The ability to produce ROS, determined by the level of DHR conversion to rhodamine, was measured by BD FACSort TM flow cytometer (Becton Dickinson Immunocytometry Systems, California, USA). At least 30,000 cells of neutrophils were collected. Neutrophils were gated by their characteristic forward and side scatterprofiles, which represent size and granularity, respectively. Data analysis was performed by using Cell Quest Software (BD Biosciences, California, USA).
Flow cytometry for CD11b and CD66b expression
Detection of myeloperoxidase
Cell migration assay
Cell migration was evaluated by the induction of cell migration towards interleukin-8 through Corning® Transwell® polycarbonate membrane (6.5 mm diameter and 5.0 µm pore polycarbonate membrane insert) (Corning Inc., New York, USA). Approximately 1x10 6 neutrophils were incubated in the upper chambers of the wells filled with 200 µL of serum-free RPMI-1640 medium under different conditions: 5 mM glucose, 25 mM glucose, 100 µg/mL BSA and AGE-BSA in the presence of PMA. The lower chambers of the wells were filled with 100 ng/mL of IL-8 in 600 µL of serum-free RPMI-1640 medium. Cells were allowed to migrate through the membrane to the lower chambers for one hour at 37°C in a 5% CO2 atmosphere. Migrated cells in the 600 µL suspension were harvested from the lower chambers, washed and resuspended in 500 µL fixing solution. These were then counted by flow cytometry gating only PMN populations according to the FSC and SSC profiles.
Neutrophil-endothelial cell adhesion assay
Neutrophil-endothelial cell adhesion was evaluated by the quantification of adherent neutrophils to an endothelial cell monolayer. The endothelial hybrid cell line EA.hy926 was seeded at a concentration of 1×10 5 cells/well into 24-well plates. These were incubated in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (Gibco® DMEM-F12K medium, Invitrogen Corporation, California, USA) supplemented with 10% FBS (Gibco® FBS), 100 µg/mL penicillin and 100 IU/mL streptomycin (Sigma-Aldrich Co. LLC, Missouri, USA) for 24 hours at 37°C until the cells were 80% confluent. Neutrophils from healthy subjects were isolated and incubated in different conditions: 5 mM glucose, 25 mM glucose, 100 µg/mL BSA or 100 µg/mL AGE-BSA at 37°C for one hour. After incubation, 1×10 6 cells/mL of neutrophils were then added to each well of the endothelial monolayer and allowed to adhere for 30 minutes at 37°C. Non-adhered neutrophils were removed by gentle wash twice with warmed DPBS. After washing, cells were fixed in 1% paraformaldehyde. The adherence of neutrophils to endothelial cell monolayer was quantified by counting in 5 randomly selected high-power fields (x400) per well under a phase contrast microscope.
Statistical analysis
Values were normally distributed and data were reported as mean ± SEM, unless otherwise stated. Comparisons between the subject groups were done by Mann-Whitney Test using SPSS PASW Statistics 18. Differences between groups in the in vitro experiments were evaluated by student's t test. A p-value less than or equal to 0.05 was considered statistically significant.
RESULTS
Clinical parameters
The average level of HbA1c was 7.1±0.5% in the group of diabetic patients with good glycemic control and 10.4±0.9% in those with poor glycemic control. Other than HbA1c, there were no statistically significant differences between the 2 groups of diabetic patients for the rest of the metabolic parameters, which were within normal limits. These findings suggest that hyperglycemia was the only factor for atherosclerosis in the diabetic patients in the study.
Neutrophil ROS production
Physiologic production of ROS is important in the degradation of phagocytosed materials, cell signaling and homeostasis. Overproduction of ROS, known as oxidative stress, results to significant damage to other molecules and cell structures. We investigated the effect of glycemic control in diabetic patients on neutrophil oxidative burst function. ROS production by neutrophils was assessed by DHR assay. Interestingly, the production of basal and PMA-stimulated ROS in neutrophils from diabetics with poor control was significantly lower compared to those with good control (p-value=0.014) (Figure 1a) . Figure 1 . Neutrophil oxidative burst function among healthy subjects, diabetics with good control and diabetics with poor control by dihydrorhodamine (DHR) assay. A significantly lower basal and stimulated reactive oxygen species (ROS) production was seen in diabetics with poor control (a) (*p≤0.05). Isolated neutrophils from healthy subjects incubated in physiologic (5 mM) and high glucose (25 mM) concentrations (b) and in bovine serum albumin (BSA) and advanced glycation end product-BSA (AGE-BSA) (c), showing similar basal and stimulated ROS production.
Isolated neutrophils from healthy subjects were exposed to high glucose concentration (25 mM) or AGE-BSA compared to physiologically normal glucose concentration (5 mM) or unmodified BSA to assess the effect of high glucose and AGEs, simulating the diabetic milieu. Basal and PMA-stimulated ROS production were measured. We observed that basal and PMA-stimulated ROS production of neutrophils incubated in high glucose or AGE-BSA were not different from those incubated in normal glucose and BSA (Figures 1b and 1c) . resuspended in 500 µL fixing solution. These were then counted by flow cytometry gating only PMN populations according to the FSC and SSC profiles.
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RESULTS
Clinical parameters
Neutrophil ROS production
Physiologic production of ROS is important in the degradation of phagocytosed materials, cell signaling and homeostasis. Overproduction of ROS, known as oxidative stress, results to significant damage to other molecules and cell structures. We investigated the effect of glycemic control in diabetic patients on neutrophil oxidative burst function. ROS production by neutrophils was assessed by DHR assay. Interestingly, the production of basal and PMA-stimulated ROS in neutrophils from diabetics with poor control was significantly lower compared to those with good control (p-value=0.014) (Figure 1a ).
Figure 1.
Neutrophil oxidative burst function among healthy subjects, diabetics with good control and diabetics with poor control by dihydrorhodamine (DHR) assay. A significantly lower basal and stimulated reactive oxygen species (ROS) production was seen in diabetics with poor control (a) (*p≤0.05). Isolated neutrophils from healthy subjects incubated in physiologic (5 mM) and high glucose (25 mM) concentrations (b) and in bovine serum albumin (BSA) and advanced glycation end product-BSA (AGE-BSA) (c), showing similar basal and stimulated ROS production.
Isolated neutrophils from healthy subjects were exposed to high glucose concentration (25 mM) or AGE-BSA compared to physiologically normal glucose concentration (5 mM) or unmodified BSA to assess the effect of high glucose and AGEs, simulating the diabetic milieu. Basal and PMA-stimulated ROS production were measured. We observed that basal and PMA-stimulated ROS production of neutrophils incubated in high glucose or AGE-BSA were not different from those incubated in normal glucose and BSA (Figures 1b and 1c) . 
Neutrophil expression of CD11b and CD66b
During inflammation, neutrophils upregulate surface molecule expression in response to stimuli. We measured the expression of activation markers CD11b and CD66b, known to be involved in vascular inflammation, on neutrophils from diabetic patients with different levels of glycemic control.
Basal expression of CD11b was lower in diabetics compared to healthy subjects. Among diabetics, neutrophils from those with poor glycemic control had significantly higher CD11b expression compared to those with good control (p-value=0.021) (Figure 2a) . Upon PMA stimulation, neutrophils from both groups of diabeticswere found to havea markedly increased expression of CD11b, with a significantly higher expression in diabetics with poor control (p-value=0.034). Similarly, basal expression of CD66b in diabetics was lower than in healthy subjects. CD66b expression in diabetics with poor glycemic control was significantly higher compared to those with good control (Figure 2b ).
Isolated neutrophils from healthy subjects were incubated in physiologic (5 mM) and high (25mM) concentrations of glucose. After short-term incubation in vitro, CD11b and CD66b expression were comparable in both glucose conditions (Figures 2c and 2d) . Similarly, basal and PMAstimulated expressions of CD11b and CD66b were also similar in AGE-BSA and unmodified BSA (Figure 2e and 2f) .
Neutrophil migration
The effect of high glucose and AGE-BSA on IL-8-induced chemotaxis of neutrophils from healthy subjects was also observed. Cell migration was performed by the induction of neutrophil migration through Transwell® membrane towards IL-8. Neutrophils were incubated in 5mM and 25 mM glucose in the presence of PMA for 1 hour. Migrated cells in lower chamber were counted by flow cytometry. The migration assay showed a significant increase in neutrophil migration in high glucose conditions. A slightly higher number of neutrophils migrating towards IL-8 was seen in the presence of AGE-BSA compared to unmodified BSA ( Figure 3 ). 
Neutrophil expression of CD11b and CD66b
Neutrophil migration
The effect of high glucose and AGE-BSA on IL-8-induced chemotaxis of neutrophils from healthy subjects was also observed. Cell migration was performed by the induction of neutrophil migration through Transwell® membrane towards IL-8. Neutrophils were incubated in 5mM and 25 mM glucose in the presence of PMA for 1 hour. Migrated cells in lower chamber were counted by flow cytometry. The migration assay showed a significant increase in neutrophil migration in high glucose conditions. A slightly higher number of neutrophils migrating towards IL-8 was seen in the presence of AGE-BSA compared to unmodified BSA ( Figure 3) . 
Neutrophil-endothelial cell adhesion
Incubation of neutrophils from healthy subjects in high glucose concentrations significantly increased adherence to EA.hy926 endothelial cells (Figure 4 ). There was a slight increase in the number of adherent cells exposed to AGE-BSA compared to unmodified BSA, but this did not reach statistical significance. These observations may suggest that the increase in neutrophil adherence to endothelial cells may promote the initial interaction between these cells underhyperglycemic conditions. 
Myeloperoxidase release from activated neutrophils
Basal and PMA-stimulated amounts of MPO in culture supernatant were measured by high-sensitivity sandwich ELISA.The basal level of MPO production was similar across healthy subjects, diabetics with good control and diabetics with poor control (Figure 5a ). Upon PMA stimulation, MPO production was significantly higher in the supernatant with neutrophils from diabetics with poor control compared to cells from healthy subjects. In in vitro studies, MPO production of neutrophils from healthy subjects incubated in 25 mM glucose was comparable to that of cells incubated in 5 mM glucose concentration (Figure 5b ). In the presence of AGE-BSA, PMA-stimulated neutrophils had significantly higher MPO release compared to unmodified BSA (Figure 5c ). 
Neutrophil-endothelial cell adhesion
Myeloperoxidase release from activated neutrophils
Basal and PMA-stimulated amounts of MPO in culture supernatant were measured by high-sensitivity sandwich ELISA.The basal level of MPO production was similar across healthy subjects, diabetics with good control and diabetics with poor control (Figure 5a ). Upon PMA stimulation, MPO production was significantly higher in the supernatant with neutrophils from diabetics with poor control compared to cells from healthy subjects. In in vitro studies, MPO production of neutrophils from healthy subjects incubated in 25 mM glucose was comparable to that of cells incubated in 5 mM glucose concentration (Figure 5b ). In the presence of AGE-BSA, PMA-stimulated neutrophils had significantly higher MPO release compared to unmodified BSA (Figure 5c ). showing comparable levels of MPO production in both conditions. Incubation in advanced glycation end productbovine serum albumin (AGE-BSA) was shown to have caused a significantly higher production of MPO after PMA stimulation (c) (*p≤0.05). 
DISCUSSION
In this study, we have demonstrated the effect of hyperglycemia on the functions of neutrophils, both ex vivo from patients and in vitro. We evaluated the activation and functional status of neutrophils, which may be related to the pro-inflammatory state in diabetic patients and the subsequent development of atherosclerosis. In our ex vivo studies of neutrophils from diabetic subjects, cells from those with good control exhibited significantly higher ROS production compared to those with poor control. Neutrophils from diabetics with poor glycemic control showed significantly increased expression of activation markers CD11b and CD66b, as well as higher MPO production upon PMA stimulation.
On the other hand, in our in vitro studies on neutrophils from healthy subjects, the release of MPO was significantly increased after PMA stimulation in those cells incubated in AGE-BSA, compared to unmodified BSA. We have demonstrated for the first time that incubation of neutrophils from healthy subjects in a high glucose environment significantly enhanced neutrophil migration and adherence to endothelial cells.
Upon activation by inflammatory stimuli, neutrophils produce increased ROS. Enhanced production of ROS causes oxidative stress, which is thought to lead to the development of the diabetic vascular complications. We found higher ROS production in diabetic patients with good glycemic control compared to healthy subjects. This was consistent with findings in another study demonstrating that neutrophils had enhanced production of ROS in type 2 diabetes. 18 Interestingly, both basal and PMA-stimulated ROS production from diabetics with poor glycemic control were significantly lower than in diabetics with good control. As there has never been any evidence on the effect of glycemic variability on ROS production before, we have only one possible explanation why diabetics with poor control had reduced neutrophil ROS production compared to those with good control in this study. Inhibition of GAPDH activity activates the protein kinase C (PKC) pathway of hyperglycemic damage in endothelialcells. 19 This can also lead to activation of the ROS production pathway. In our unpublished data (ongoing manuscript preparation), sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of neutrophil homogenates from diabetics with poor glycemic control expressed higher glyceraldehyde 3-phosphate dehydrogenase (GAPDH) than those with good control. This may explain the reduced production of ROS in diabetics with poor glycemic control with higher GAPDH. However, ROS production in poorly controlled diabetics was higher compared tohealthy subjects. To determine which component of hyperglycemia has an effect on the cells, neutrophils from healthy subjects were incubatedin high glucose (25 mM) or AGE-BSA in vitro. Similar levels of ROS generation were observed after short term exposure of neutrophils to high glucose and AGE-BSA, compared to ROS production after incubation in normal glucose (5 mM) and unmodified BSA. This may be due to a short period of incubation, since ROS production has been shown to significantly increase with AGE concentrations greater than 200 µg/mL and incubation time up to 4 hours in a recently published study. 20 Basal expression of CD11b and CD66b in both groups of diabetic patients was lower in comparison to healthy subjects. A possible explanation is that prolonged hyperglycemia may induce a resting state in the degradation of surface molecules. The results were in accordance with our in vitro findings, which showed a slightly decreased expression of surface markers in a high glucose environment (25 mM). To support this hypothesis, we incubated cells up to 8 hours and found that CD11b and CD66b were not further upregulated upon stimulation with PMA, compared to 1-hour incubation. A previous study also demonstrated that PMA stimulation in vitro resulted in a significantly decreased expression of CD11b in a time-dependent manner, suggesting that prolonged stimulation may lead to loss of surface molecules by proteolytic degradation. 21 Interestingly, expression of CD11b and CD66b from diabetics with poor glycemic control was significantly upregulated compared to those with good control. After PMA, increased expression of CD11b and CD66b was observed in neutrophils from both diabetic groups, but this was significantly higher in cells from diabetics with poor control. In the in vitro experiments, neutrophils from healthy subjects were incubated in RPMI-1640 medium, which has a glucose concentration of 11 mM. This may explain why there were no significant differences between cells incubated in 5 mM and 25 mM glucose, as well as AGE-BSA versus BSA. Our results were consistent with other previous studies. Increased expression of CD11b and CD66b molecules in neutrophils has been reported in diabetic patients. 22, 23 CD66b expression in neutrophils from type 2 diabetics was significantly upregulated compared to healthy subjects. However, some studies have shown controversial data for CD11b expression. In patients with diabetes, CD11b expression in neutrophils was higher at resting state but no difference was found after activation with fMLP. 24 Basal expression of CD11b in neutrophils showed no difference in type 2 diabetic subjects compared to normal subjects, but the expression was elevated in diabetic subjects upon activation with PMA. 25 A previous study demonstrated that the expression of CD11b in diabetic and normal subjects was not different, but was significantly lower in diabetic subjects after PMA activation. 6 The surface molecule CD11b is used for firm adhesion with endothelial cells during transmigration, while CD66b is believed to interact with extracellular matrix, regulating neutrophil function and mediating the release of IL-8, a cytokine essential for the recruitment and accumulation of PMN. 8, 26 Elevated CD11b and CD66b expression in poorly controlled patients may promote neutrophil migration and ONLINE FIRST | March 20, 2015 | http://dx.doi.org/10.15605/jafes.030.01.02
Upon activation by inflammatory stimuli, neutrophils produce increased ROS. Enhanced production of ROS causes oxidative stress, which is thought to lead to the development of the diabetic vascular complications. We found higher ROS production in diabetic patients with good glycemic control compared to healthy subjects. This was consistent with findings in another study demonstrating that neutrophils had enhanced production of ROS in type 2 diabetes. 18 Interestingly, both basal and PMA-stimulated ROS production from diabetics with poor glycemic control were significantly lower than in diabetics with good control. As there has never been any evidence on the effect of glycemic variability on ROS production before, we have only one possible explanation why diabetics with poor control had reduced neutrophil ROS production compared to those with good control in this study. Inhibition of GAPDH activity activates the protein kinase C (PKC) pathway of hyperglycemic damage in endothelialcells. 19 This can also lead to activation of the ROS production pathway. In our unpublished data (ongoing manuscript preparation), sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of neutrophil homogenates from diabetics with poor glycemic control expressed higher glyceraldehyde 3-phosphate dehydrogenase (GAPDH) than those with good control. This may explain the reduced production of ROS in diabetics with poor glycemic control with higher GAPDH. However, ROS production in poorly controlled diabetics was higher compared tohealthy subjects. To determine which component of hyperglycemia has an effect on the cells, neutrophils from healthy subjects were incubatedin high glucose (25 mM) or AGE-BSA in vitro. Similar levels of ROS generation were observed after short term exposure of neutrophils to high glucose and AGE-BSA, compared to ROS production after incubation in normal glucose (5 mM) and unmodified BSA. This may be due to a short period of incubation, since ROS production has been shown to significantly increase with AGE concentrations greater than 200 µg/mL and incubation time up to 4 hours in a recently published study. 20 Basal expression of CD11b and CD66b in both groups of diabetic patients was lower in comparison to healthy subjects. A possible explanation is that prolonged hyperglycemia may induce a resting state in the degradation of surface molecules. The results were in accordance with our in vitro findings, which showed a slightly decreased expression of surface markers in a high glucose environment (25 mM). To support this hypothesis, we incubated cells up to 8 hours and found that CD11b and CD66b were not further upregulated upon stimulation with PMA, compared to 1-hour incubation. A previous study also demonstrated that PMA stimulation in vitro resulted in a significantly decreased expression of CD11b in a time-dependent manner, suggesting that prolonged stimulation may lead to loss of surface molecules by proteolytic degradation. 21 Interestingly, expression of CD11b and CD66b from diabetics with poor glycemic control was significantly upregulated compared to those with good control. After PMA, increased expression of CD11b and CD66b was observed in neutrophils from both diabetic groups, but this was significantly higher in cells from diabetics with poor control. In the in vitro experiments, neutrophils from healthy subjects were incubated in RPMI-1640 medium, which has a glucose concentration of 11 mM. This may explain why there were no significant differences between cells incubated in 5 mM and 25 mM glucose, as well as AGE-BSA versus BSA. Our results were consistent with other previous studies. Increased expression of CD11b and CD66b molecules in neutrophils has been reported in diabetic patients. 22, 23 CD66b expression in neutrophils from type 2 diabetics was significantly upregulated compared to healthy subjects. However, some studies have shown controversial data for CD11b expression. In patients with diabetes, CD11b expression in neutrophils was higher at resting state but no difference was found after activation with fMLP. 24 Basal expression of CD11b in neutrophils showed no difference in type 2 diabetic subjects compared to normal subjects, but the expression was elevated in diabetic subjects upon activation with PMA. 25 A previous study demonstrated that the expression of CD11b in diabetic and normal subjects was not different, but was significantly lower in diabetic subjects after PMA activation. 6 The surface molecule CD11b is used for firm adhesion with endothelial cells during transmigration, while CD66b is believed to interact with extracellular matrix, regulating neutrophil function and mediating the release of IL-8, a cytokine essential for the recruitment and accumulation of PMN. 8, 26 Elevated CD11b and CD66b expression in poorly controlled patients may promote neutrophil migration and adhesion to endothelial cells. We investigated the ability of neutrophils to migrate towards IL-8 and to adhere onto cells of an endothelial monolayer. We were able to demonstrate that high glucose significantly enhanced cell migration and adherence to endothelial cells. This is in agreement with another study that found high glucose enhanced endothelial cell capacity for neutrophil adherence by increasing endothelial cell adhesion molecules. 27 We measured the ability of neutrophils to release myeloperoxidase. MPO is a peroxidase enzyme found most abundant in azurophilic granules of neutrophils. Several studies have shown the relationship between MPO and inflammatory processes in vascular disease. MPO was seen in atherosclerotic lesions. 28 MPO has also been investigated as a biomarker for inflammation in acute coronary syndromes. 29 In our study, we observed significantly higher MPO production in neutrophils from poorly controlled diabetics compared to healthy subjects.
Other studies have reported that plasma levels of MPO in type 2 diabetes were increased compared to subjects without diabetes. 30, 31 In accordance with our ex vivo findings, our in vitro study showed significantly higher PMA-activated MPO production under exposure to AGE-BSA. The results suggest that AGEs formed in diabetics with poor glycemic control may be a potential factor for the stimulation of MPO production. The link between the altered neutrophil functions and the pathogenesis of diabetes-related atherosclerosis is still being investigated.
CONCLUSION
We have observed activated neutrophil function, particularly ROS and MPO production in diabetic patients, and increased adhesive capacity by way of CD11b and CD66b neutrophil expression in hyperglycemic conditions in vitro. Our study was limited by our small sample size and the possibility of other unidentified confounding factors that may influence the observed alterations in immunity and neutrophil function. At this time we cannot conclude from the findings data of the in vitro study whether the alterations seen in neutrophil function are due to conditions simulating short-term hyperglycemia (incubation in high glucose concentration), or an environment akin to chronic hyperglycemia (incubation in AGE-BSA). Nevertheless, we were able to demonstrate for the first time that incubation of neutrophils in a high glucose environment enhanced cell migration towards IL-8 and adherence to endothelial cells. These altered functions of neutrophils may, at least in part, be involved in the development and progression of atherosclerosis in diabetic patients.
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adhesion to endothelial cells. We investigated the ability of neutrophils to migrate towards IL-8 and to adhere onto cells of an endothelial monolayer. We were able to demonstrate that high glucose significantly enhanced cell migration and adherence to endothelial cells. This is in agreement with another study that found high glucose enhanced endothelial cell capacity for neutrophil adherence by increasing endothelial cell adhesion molecules. 27 We measured the ability of neutrophils to release myeloperoxidase. MPO is a peroxidase enzyme found most abundant in azurophilic granules of neutrophils. Several studies have shown the relationship between MPO and inflammatory processes in vascular disease. MPO was seen in atherosclerotic lesions. 28 MPO has also been investigated as a biomarker for inflammation in acute coronary syndromes. 29 In our study, we observed significantly higher MPO production in neutrophils from poorly controlled diabetics compared to healthy subjects.
